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We demonstrate the ability of ion channeling analysis using a scanned, focused, 2 MeV proton beam
from a nuclear microprobe to detect and quantify elastic relaxation in a Si12xGex layer grown on a
Si substrate. Channeling images of a sample consisting of a Si0.85Ge0.15 layer grown on a substrate
patterned to produce 10 mm wide raised mesas were produced which revealed lattice plane bending
of up to 0.25°, consistent with elastic relaxation of the epilayer. The channeling results are compared
with those produced from electron backscattering diffraction. © 1995 American Institute of
Physics.Silicon–germanium alloys grown on silicon substrates
offer the potential for the production of fast transistors and
novel electronic devices that cannot be produced in unal-
loyed silicon.1 The Si12xGex layer has a larger bulk lattice
parameter than that of the Si substrate on which it is grown.
If the layer is grown below a certain critical thickness, it
adopts the substrate lattice parameter in the plane of the in-
terface, resulting in compressive strain along directions in
this plane. However, if the layer is grown beyond a critical
thickness, it is energetically favorable for some of the strain
to be relaxed by the production of misfit dislocations2,3 at the
layer–substrate interface.
It has been suggested4,5 that relaxation of the strained
layer through the production of dislocations may be avoided
if the layer is grown on to a substrate with a restricted lateral
area. Restricted area growth can enable the layer to relax
elastically along directions in the interface plane, reducing
the strain to below that at which dislocations are produced. It
was calculated that for a Si0.85Ge0.15 layer, restricting the
growth area to less than 5 mm35 mm would enable sufficient
elastic relaxation to occur to prevent dislocation production
regardless of the layer thickness.4 Experimental investigation
of Si12xGex growth on isolated substrate mesas has been
made using chemical etching and Nomarski optical micros-
copy6 and electron channeling contrast imaging7 for samples
very similar to that studied in this letter. An absence of misfit
dislocations in mesas with widths less than 10 mm was
found, and this was attributed to elastic relaxation of the
layer on the mesa surface.
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Downloaded¬14¬Jul¬2009¬to¬137.205.202.8.¬Redistribution¬subjIn this letter we present direct evidence produced using
ion channeling analysis for the elastic relaxation of a
Si0.85Ge0.15 layer grown on to a silicon substrate patterned to
produce mesas. Recently, it has been demonstrated8,9 that use
of a scanned, focused MeV proton beam enables channeling
images to be produced of single crystal defects, such as dis-
locations and stacking faults, using a technique called chan-
neling scanning transmission ion microscopy ~CSTIM!. This
present study demonstrates the ability of ion channeling to
characterize the phenomenon of elastic relaxation in micron-
size areas.
The samples investigated consisted of an ~001! silicon
wafer on which square and rectangular mesas were fabri-
cated. A nominally 0.75 mm thick layer of Si0.85Ge0.15 was
then deposited by molecular beam epitaxy so as to cover the
mesa and nonmesa areas. Previous studies8,10 revealed a dis-
location network at the layer–substrate interface both away
from the mesas and in the larger mesas. Bunches of these 60°
misfit dislocations were imaged by the CSTIM technique,
and contrast changes exhibited by the bunches on tilting the
crystal so that the incident beam went through the channeling
direction were explained using a low-angle grain boundary
model.
For this study the sample was mechanically thinned and
polished from the back surface to a thickness of about 20 mm
and mounted on a goniometer in the Oxford nuclear
microprobe.11 The thinning process was not considered to
effect the relaxation within the Si0.85Ge0.15 layer since the
substrate thickness is still much greater than the mesa heights
on this sample. The 2 MeV proton beam was focused to a
spot size of about 300 nm on the sample surface with a1/95/67(24)/3566/3/$6.00 © 1995 American Institute of Physics
ect¬to¬AIP¬license¬or¬copyright;¬see¬http://apl.aip.org/apl/copyright.jsp
convergence angle of 0.02°. This was small compared to the
measured half-width-at-half-maximum, c1/250.2°, of the
channeling critical angle for tilting the sample about the
@001# axis in the ~1¯10! planes.8
The energy loss rate of channeled ions is lowered by a
factor of about 2 compared with that of nonchanneled ions.
The channeling process is affected in regions of a crystal
where the lattice is disrupted by defects or strain so that the
ion energy loss rate is locally changed from that produced by
perfect crystal. Ion channeling images were produced by
measuring the energy loss of protons transmitted through the
crystal with the incident beam aligned with, or close to, a
channeling direction. Images consisting of 2563256 pixels
and showing the mean transmitted proton energy loss were
produced by raster scanning the beam over the sample.8,10
Shown in Fig. 1~a! is a secondary electron image of a
single 10 mm wide mesa. The mesas were 3 mm high. Figure
1~b! shows a CSTIM mean energy loss image of a similar
mesa. The CSTIM gray-scale images presented here are
printed with darker greys representing higher energy loss.
This image was taken with the sample tilted so that the beam
was 1.0° about each of the two goniometer axes from the
@001# axis. This is therefore a nonchanneled image of the
mesa, which is showing almost uniform contrast.
The images shown in Figs. 1~c!–1~f! are of the same
mesa with the beam at, or close to, the @001# axis. In each of
the images, the mesa is showing nonuniform contrast. In
particular, one portion of the mesa ~arrowed in each image!
is lighter than the rest, meaning that the protons were trans-
mitted through this region with a lower mean energy loss.
The effect is due to channeling, as it is not revealed in the
nonchanneled mesa image of Fig. 1~b!. Different regions of
the mesa produced a local increase in channeling depending
on the angle of the incident beam. It is considered that this
effect was caused by the ~110! and ~1¯10! lattice planes in the
alloy layer on the mesa being bent with respect to the corre-
sponding planes in the substrate. It is known from CSTIM
studies of misfit dislocations in Si12xGex /Si crystals8,10 and
Monte Carlo channeling computer simulations12 that local
lattice plane rotation in the top layer of a crystal can shift the
angle at which channeling occurs away from the substrate
channeling direction.
From Fig. 1, it can be seen that the lattice plane bend
angle of the Si0.85Ge0.15 layer was a function of lateral posi-
tion on the mesa. From the way that the sample was tilted to
produce the images, it can be determined that the ~110! and
~1¯10! lattice planes in the top layer of the mesa were bent
outward from the mesa center. This is the correct sense for
the lattice plane bending if the alloy layer on the top of the
mesa had relaxed elastically in order to accommodate the
misfit strain, as shown below in the insert in Fig. 2~b!. An
image ~not shown! of several small mesas, varying in size
from 2.5 mm wide to 10 mm wide, showed that correspond-
ing positions in each of the mesas permitted the best chan-
neling, suggesting that the lattice planes were bent in the
same sense in the layer on each of the mesas.13 It is therefore
considered that the lattice plane bending revealed in Fig. 1 is
a general characteristic of the way that the alloy layer wasAppl. Phys. Lett., Vol. 67, No. 24, 11 December 1995
Downloaded¬14¬Jul¬2009¬to¬137.205.202.8.¬Redistribution¬subjeable to relax for small area growth, consistent with elastic
relaxation.
Shown in Fig. 2~a! is a set of horizontal linescans across
the center of a single 10 mm wide mesa extracted from
CSTIM mean energy loss images as a function of sample tilt
angle from the @001# axis. The region producing the lowest
mean transmitted energy loss, which would correspond to a
bright region in a CSTIM image, moved from right to left
across the mesa as the beam went from a positive to a nega-
tive tilt angle.
From these linescans the amount of bending of the ~110!
planes on the top of the mesa as a function of position from
the mesa center can be determined in conjunction with pre-
vious Monte Carlo computer simulations12 made using the
computer code FLUX3.14 These simulations assumed a 20 mm
FIG. 1. ~a! Secondary electron image of a 10 mm wide mesa. Horizontal
image width is 16 mm. ~b!–~f! CSTIM mean energy loss images of a 10 mm
wide mesa with the beam incident at different angles to the ~110! and ~1¯10!
lattice planes. The tilt angles from the @001# axis about the horizontal and
vertical directions (ux ,uy) are ~b! ~21.0°,21.0°!, ~c! ~20.3°, 0.0°!, ~d!
~0.0°,0.0°!, ~e! ~20.3°,20.3°!, ~f! ~0.0°,20.3°!. The sample @110# and @1¯10#
directions, respectively, run from left to right and from bottom to top of the
images. The arrow in ~c!–~f! points to the region of the mesa producing the
best channeling.3567King et al.
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thick crystal which had the lattice planes in the top 1 mm
bent by an amount d with respect to the substrate planes. The
transmitted proton energy was found as a function of sample
tilt angle u about the ~110! planes for various values of d.12
The lateral positions on the mesa where the proton energy
loss is locally lowered in the linescans of Fig. 2~a! enable
values to be deduced for the lattice plane bending angle
across the mesa using the simulated curves. It is recognized
that this analysis does not take into account the dependence
of the Si0.85Ge0.15 layer bend angle with height above the
layer interface, and it assumes that the resultant dechanneling
behavior can be adequately characterized by an abrupt, ro-
tated layer interface.
Figure 2~b! shows the lattice plane bending angle versus
lateral distance from the center of four similar 10 mm wide
mesas, using this method of analysis. The data points from
all four mesas lie well on a single curve, showing that the
lattice plane bending behaved in a similar manner in each.
The bending is close to zero near the mesa center and in-
FIG. 2. ~a! CSTIM mean energy loss linescans extracted from a single 10
mm wide mesa as a function of beam angle to the ~110! channeling planes,
whilst still channeled in the ~11¯0! planes. Each curve is plotted with the
background energy loss subtracted to that the value away from the mesa is
set to 0 keV. The curves have been offset vertically by an additional 100 keV
from each other and the beam angle to ~110! is given. The region between
the two vertical dashed lines marks the location of one or more dislocations
and is not used to calculate lattice bending angles. This region is probably
responsible for the measured asymmetry in the bend angle across the mesa
shown in ~b!. ~b! Plot of the lattice bending angle vs distance from the mesa
centered deduced from CSTIM linescans extracted from four similar 20 mm
wide mesas ~square data points!. Also plotted are the bend angle values
found from a similar mesa by the EBSD technique ~triangular data points!.
The error on the CSTIM and EBSD points is 0.03°. The insert shows the
sense in which the lattice planes are bent.3568 Appl. Phys. Lett., Vol. 67, No. 24, 11 December 1995
Downloaded¬14¬Jul¬2009¬to¬137.205.202.8.¬Redistribution¬subjcreases at a rate of approximately 0.05° per micron to a value
of 0.2° at 4 mm from the mesa center. Also shown in Fig.
2~b! are values measured from EBSD patterns7 for a 10 mm
wide mesa taken from the same wafer used to produce the
ion channeling results. The EBSD angles are for the bending
of the ^102& zone axis across the mesa. In order to compare
the EBSD results with the CSTIM ~110! plane bending
angles, it is necessary to assume that the strain relaxation is
uniform across the mesa width; however, the slight asymme-
try in the EBSD curve suggests that some strain variation is
present. The EBSD results show a similar rise in lattice plane
bending with distance from the mesa center, but give a
higher value than CSTIM for the bending angle near the
mesa edge. This is most likely to be due to the different
analytical depths of the two techniques. The EBSD technique
samples the lattice plane bending in the top 20 nm or so of
the sample, whereas CSTIM is sensitive to the lattice plane
bending throughout the whole depth of the epilayer. Since
the lattice plane bending would be expected to be greatest
near the sample surface, the EBSD technique would be ex-
pected to produce a greater value for the bending angle than
CSTIM. It is also possible that the assumption in the chan-
neling simulation model of an abrupt bending of the lattice
planes in the layer will lead to an underestimate of the plane
bending angle in the layer on the mesa using the CSTIM
technique.
In conclusion, elastic relaxation of strained layers grown
on to restricted area substrates has, for the first time, been
demonstrated using transmission ion channeling images. Di-
rect observation of the effect has allowed values for the lat-
tice plane bending in the epilayer to be deduced which are in
reasonable agreement with EBSD results. This work thus
significantly advances the capabilities of ion channeling
analysis since it shows that direct measurement of the elastic
strain across micron-size areas can be made.
P.J.C.K. and A.J.W. respectively thank the Royal Com-
mission for the Exhibition of 1851 and the SERC for fund-
ing.
1R. People, IEEE J. Quantum Electron. QE-22, 1696 ~1986!.
2 J. W. Matthews and A. E. Blakeslee, J. Cryst. Growth 27, 118 ~1974!.
3 J. C. Bean, J. Vac. Sci. Technol. B 4, 1427 ~1986!.
4S. Luryi and E. Suhir, Appl. Phys. Lett. 49, 140 ~1986!.
5A. Fischer and H. Richter, J. Appl. Phys. 61, 2656 ~1992!.
6A. R. Powell, R. A. Kubiak, T. E. Whall, E. H. C. Parker, and D. K.
Bowen, Mater. Res. Soc. Symp. Proc. 220, 277 ~1991!.
7A. J. Wilkinson, in Proceedings of the 13th International Conference on
Electron Microscopy ~Les Editions de Physique, Les Ulis, 1994!, p. 97.
8M. B. H. Breese, P. J. C. King, J. Whitehurst, G. R. Booker, G. W. Grime,
F. Watt, L. T. Romano, and E. H. C. Parker, J. Appl. Phys. 73, 2640
~1993!.
9P. J. C. King, M. B. H. Breese, P. R. Wilshaw, and G. W. Grime, Phys.
Rev. B 51, 2732 ~1995!.
10P. J. C. King, M. B. H. Breese, G. R. Booker, J. Whitehurst, P. R. Wilshaw,
G. W. Grime, F. Watt, and M. J. Goringe, Nucl. Instrum. Methods B 77,
320 ~1993!.
11G. W. Grime, M. Dawson, M. Marsh, I. C. McArthur, and F. Watt, Nucl.
Instrum. Methods B 54, 52 ~1991!.
12M. B. H. Breese, P. J. C. King, P. J. M. Smulders, and G. W. Grime, Phys.
Rev. B 51, 2742 ~1995!.
13P. J. C. King, Ph. D. thesis, University of Oxford, 1993 ~unpublished!.
14P. J. M. Smulders and D. O. Boerma, Nucl. Instrum. Methods B 29, 471
~1987!.King et al.
ect¬to¬AIP¬license¬or¬copyright;¬see¬http://apl.aip.org/apl/copyright.jsp
